Background: It is currently not known if there are different mechanical factors involved in accelerated rates of knee osteoarthritis structural progression. Data regarding the role of the transverse plane moment along with the contributions to joint loading from muscle activity, a primary contributor to the joint loading environment, is not well represented in the current literature on knee OA radiographic progression. The objective of this study was to understand if a 3-year end point corroborates what has been shown for longer term radiographic progression or provides more insight into factors that may be implicated in more accelerated radiographic progression than those shown previously. Methods: 52 participants visited the Dynamics of Human Motion laboratory at baseline for three-dimensional, self-selected speed over ground walking gait analysis. Differences in magnitude and patterns of 3D knee moments and electromyography waveforms between participants who progressed radiographically from those that did not were compared using t-tests (P < 0.05). Findings: Features of the frontal and transverse plane knee moments along with muscle activation patterns for the lateral gastrocnemius and lateral hamstrings differentiated the progression group from the non-progression group at baseline. Interpretation: In general, the walking gait biomechanics of the progression group in this 3-year radiographic study aligned well with previously reported characteristics of diagnosed or symptomatic osteoarthritis. The higher rotation moment range during stance found with the progression group is a novel finding that points to a need to better understand torsional joint loading and its implications for loading of the knee joint tissues.
Introduction
Knee osteoarthritis (OA) is well-recognized as a progressive disorder, characterized by the interplay between structural joint degeneration and the expression of clinical symptoms. The rate of knee OA structural progression is difficult to monitor and quantify at a population level and it remains unclear why certain individuals progress more quickly through the disease than others (Felson, 1993) . Although there are currently no effective treatments for knee OA, it has been suggested that adopting patterns of locomotion that reduce the load on the knee joint may reduce the rate of OA progression (Andriacchi et al., 2004) ; a hypothesis driving a branch of research into non-surgical interventions for individuals with knee osteoarthritis (such as gait re-training, braces, etc.). It is therefore critical to understand which types of joint loads are related to structural progression of knee OA and, specifically, if different patterns of joint loading are related to accelerated rates of structural progression.
Gait has been used extensively as a model of joint loading and an objective assessment of joint function in an osteoarthritic population. The past decade of gait-knee-OA research has uncovered several correlations between biomechanical features of gait and worsening of the knee joint related to OA structural progression (Bennell et al., 2011; Chang et al., 2015; Chehab et al., 2014; Miyazaki et al., 2002) . Specific attention has been placed on the external knee adduction moment in these studies, due to its relationship to the dynamic load on the medial compartment (Schipplein and Andriacchi, 1991) , the utility in differentiating OA by severity (e.g. (Mundermann et al., 2004) ), and the early evidence in predicting longitudinal radiographic progression (Miyazaki et al., 2002) . The early stance moment (Miyazaki et al., 2002) , peak moment (Chehab et al., 2014) , stance phase impulse (Chang et al., 2015) , and the pattern of the moment during stance (Hatfield et al., 2015a) have all been associated with some aspect of OA progression. The seminal prospective study of biomechanical predictors of medial compartment knee osteoarthritis progression (Miyazaki et al., 2002 ) used a 6-year follow-up period, while studies using MRI features of joint changes to assess structural worsening (Bennell et al., 2011; Chang et al., 2015; Chehab et al., 2014) have measured changes from 12 months to 5 years. Differences between the longitudinal endpoints and the imaging modality used to quantify joint change have made confirmation of the relevant features to OA progression based on radiographic imaging, the current standard of assessment, difficult. While sagittal plane moment patterns were predictive of clinical progression to total knee arthroplasty (TKA) (Hatfield et al., 2015b) , there have been inconsistent results with respect to structural OA progression (Chang et al., 2015; Chehab et al., 2014) . Furthermore, data regarding the role of the transverse plane moments along with the contributions to joint loading from muscle activity, a primary contributor to the joint loading environment (Herzog et al., 2003) , are not well represented in the current literature and warrant further investigation.
The sensitivity of biomechanical features of gait to structural changes in the joint is an essential feature of its utility, however the sensitivity of gait is not isolated to structural changes that occur with knee OA. As a result, biomechanical studies of more severe OA populations are often confounded by gait differences due to reduced walking speed (Landry et al., 2007) , obesity (Runhaar et al., 2011) and pain (Astephen Wilson et al., 2011) , potentially masking the relationship between structural changes and joint loading. Furthermore, OA clinical diagnosis occurs late in the disease process, while it is known that many adults will have signs of structural degradation of the joint prior to symptoms manifesting (Felson, 1993) which may be indicative of a preknee OA state. Taken together, this motivates the need to look at biomechanical mechanisms for structural degradation of the knee joint earlier in the disease process, including prior to clinical diagnosis, while symptoms and comorbidities are less severe.
The objective of this study was to determine if a 3-year longitudinal end point, reflecting the earliest detectible change in radiograph, corroborates what has been shown for longer term radiographic progression, or provides more insight into factors that may be implicated in accelerated and early radiographic progression in knee joint degeneration. We hypothesize that individuals who progress within this timeline will have distinct features of joint mechanics and muscle activation that are associated with early structural changes, unique from those associated with progression later in the disease process.
Methods
Thirty-one individuals with moderate knee OA and twenty-one asymptomatic adults completed the longitudinal portion of this study. Individuals with knee OA were recruited from the Orthopaedic and Sports Medicine Clinic of Nova Scotia and the Orthopaedic Assessment Clinic at the QEII Health Sciences Centre and asymptomatic participants were recruited via local and online advertisements. OA participants were diagnosed by an experienced orthopaedic surgeon (WDS) following the American College of Rheumatology criteria (Altman et al., 1986 ) using a combination of radiographs and physical and clinical examinations. All OA participants had baseline medial compartment OA, defined as having radiographic evidence of greater or equal medial joint space narrowing (MJSN) relative to lateral JSN (Scott Jr et al., 1993) . Participants with OA were deemed to have mild to moderate severity at baseline, defined as per our previous studies according to: having Kellgren and Lawrence (KL) scores between 1 and 3 (Kellgren and Lawrence, 1957); self-reported ability to walk a city block; self-reported ability to jog five metres and walk upstairs in a reciprocal manner; and not being candidates for total knee replacement surgery (Amiri et al., 2015; Harding et al., 2012; Hubley-Kozey et al., 2006) . For all participants, exclusion criteria included history of any neuromuscular disease, other forms of arthritis, or major surgery to the lower limb that could affect gait (Hubley-Kozey et al., 2006) . All individuals signed a written consent form in accordance with the institutional ethics review.
All participants visited the Dynamics of Human Motion laboratory at baseline for three-dimensional, self-selected speed over ground walking gait analysis to measure kinematics, kinetics, and electromyography (EMG) (7 muscle sites). Participants completed a WOMAC OA-specific questionnaire prior to testing at each time point (Bellamy et al., 1988) . The test leg was the affected side for the participants with OA and a randomly selected leg for controls. Walking speed was monitored using an infrared timing system and participants were required to complete five trials within 5% of their self-selected speed, capturing the typical mechanical environment of each individual, after a brief warm-up, which has been shown to be a reliable protocol (Robbins et al., 2013) . Motion data were captured using an Optotrak™ system (Northern Digital Inc., Waterloo, ON, Canada) at 100 Hz and external ground reaction forces were measured using an AMTI™ force plate (AMTI Inc., Watertown, MA, USA) captured at 2000 Hz, synchronized and down-sampled to match motion data. Four three-marker triads of infrared light-emitting diodes were placed on the sacrum, lateral thigh, lateral shank and foot segments. Individual diodes were placed on the greater trochanter, lateral epicondyle, lateral malleolus and shoulder. Eight virtual markers were identified on anatomical points during quiet standing, including the right and left anterior superior iliac spines, medial epicondyle, fibular head, tibial tuberosity, medial malleolus, second metatarsal and calcaneus.
Surface electrodes (10 mm diameter, 20 mm inter-electrode distance) were attached in a bipolar configuration over seven muscle sites using standardized procedures (Hubley-Kozey et al., 2006) : the rectus femoris (RF), vastus lateralis and medialis (VL, VM), lateral and medial hamstrings (LH, MH), lateral and medial gastrocnemius (LG, MG), and a reference electrode on the shaft of tibia. Raw EMG signals were amplified (8-channel AMT system, Bortec Inc., Calgary, AB, Canada) and sampled at 2000 Hz. Following the walking trials, a participant bias trial was sampled with participants lying relaxed and supine. A series of exercises previously described (Hubley-Kozey et al., 2006) were performed after the walking trials to elicit maximum voluntary isometric contractions (MVIC), seven performed on a Cybex dynamometer (Lumex, Brooklyn, NY, USA), and one resisted standing heel rise exercise. Each exercise was performed twice, with verbal encouragement and a minimum of one-minute rest between exercises. The average torque over a one-second steady state window during the exercises was used as a measure of knee extensor and knee flexor strength.
Custom Matlab (The Mathworks Inc., Natick, MA, USA) code was used to create a model and calculate the three-dimensional knee joint angles and net resultant moments during gait according to the joint coordinate system (Grood and Suntay, 1983 ) and a previously described inverse dynamics procedure (Landry et al., 2007) . Joint moments were normalized to body mass (Nm/kg) and joint angles were referenced to a standing calibration trial. All EMG processing was completed in Matlab using previously published methods (Hubley-Kozey et al., 2006) . Briefly, the EMG data were corrected for bias, full-wave rectified, and low pass filtered at 6 Hz using a Butterworth filter. For the normalization exercises, a moving window algorithm was used to determine the 0.1 s window in which the maximum EMG amplitude occurred for each muscle. The EMG waveforms were amplitude normalized to MVIC. Five trials were averaged for each participant and time-normalized to one complete gait cycle from initial (0%) to second (100%) foot contact with the ground for joint angles and EMG waveforms, and to stance phase of one gait cycle from initial contact (0%) to terminal stance (100%) for moments.
All participants underwent baseline and approximately 3-year follow-up standardized X-rays of their most affected OA knee joint (in the case of bi-lateral knee OA) or gait-tested knee joint (for the asymptomatic group). The OARSI-OMERACT definition of knee OA radiographic progression, along with the recommended dichotomous rating of the study participants as either 'progressors' or 'non-progressors' (Ornetti et al., 2009 ) was adopted for this study. The 'Progression Group (PG)' included individuals who had at least a one grade increase in the medial joint space narrowing (MJSN) score from baseline to follow-up. All grading was performed by an experienced orthopaedic surgeon, blinded to the baseline radiograph classification, with shown intra-rater reliability (WDS, kappa = 0.99 for MJSN, (Hatfield et al., 2015b) ). The 'Non-progression group (NPG)' included individuals that did not have an increase in their MJSN score at three years.
A gait waveform analysis technique using principal component analysis (PCA) (Deluzio and Astephen, 2007) was applied to a larger gait dataset of 240 individuals with moderate knee OA (58.7 (8.4) years, BMI 30.6 (5.1) kg/m 2 ) and 188 asymptomatic individuals (50.9 (8.9) years, BMI 26.5 (4.6) kg/m 2 ) to extract stable and robust mutually uncorrelated patterns that optimally describe the variability among observations of the knee adduction (KAM), rotation (KRM) and flexion (KFM) moments, and to each muscle group EMG data (quadriceps, hamstrings, gastrocnemius). The first three PCs for each variable were retained and used for the analysis, capturing over 90% of the total variability explained (Jackson, 1993) and interpreted according to techniques described by Deluzio and Astephen (Deluzio and Astephen, 2007) . Data for the 52 individuals in the current study were projected onto these PCs to calculate PC scores based on the defined features. In addition, conventional discrete features, including the peaks and midstance values for the KAM and the KAM impulse, were calculated and used for direct comparison to existing literature. The first KAM peak was the maximum moment between 0 and 40% of stance, the second KAM peak was the maximum moment between 70 and 90% of stance, and the impulse was calculated using numerical integration of stance phase. Student's t-tests were performed for each retained PC and discrete variable to examine differences between the PG and NPG (α = 0.05). Due to the mixture of clinical knee OA and asymptomatic participants in the PG and NPG, a secondary analysis was completed to compare the OA participants in the NPG (OA-NPG), the asymptomatic participants in the NPG (ASYM-NPG), and the PG. A series of one-way analysis of variance (ANOVA) models with a Bonferroni correction for multiple comparisons was completed for variables that had a significant difference in the two-group analysis. Due to the low number of asymptomatic participants in the PG (n = 3), this group was not further subdivided for statistical testing, but was included as a separate group for visual interpretation in graphical representations of the data.
Results
Four knee OA participants had a baseline MJSN of three and were not included in the analysis. Of the remaining 48 participants, ten individuals displayed MJSN progression at three years (3/21 asymptomatic, 7/27 OA), a smaller percentage than anticipated based on previous publications of a similar duration follow-up (Mikesky et al., 2006) . One of the asymptomatic participants in the PG was diagnosed with medial compartment tibiofemoral OA within the 3-year follow-up period, while the other two had structural worsening without a change in clinical status. One OA participant in the progression group was recommended for a total knee arthroplasty (TKA) during the course of the study, representing a change in clinical OA severity (Hatfield et al., 2015b) in addition to structural worsening. One participant in the PG and two in the NPG were not included in the EMG analyses due to either data quality or the inability to complete the MVICs required for amplitude normalization.
The PG was on average seven years older (P = 0.01), but did not walk significantly slower, did not have lower strength, and had similar BMIs to the NPG. There were no significant differences in the baseline KL grades and MJSN scores between groups, however the PG scored higher on the WOMAC sub-scales for pain (P = 0.02), and function (P = 0.04) and had higher total WOMAC scores (P = 0.04) than the NPG at baseline (Table 1) . The secondary analysis revealed that these differences were due to the lower WOMAC scores of the ASYM-NPG as the OA-NPG and PG were not significantly different from each other.
The PG had a higher first peak of the KAM during stance (P = 0.02) and greater early to mid-stance differences in the KAM (KAM PC2; P = 0.02) (Table 2, Fig. 1 (top row) ). There were no differences in the mid-stance minimum KAM or the second peak of the KAM. The PG displayed greater range of net external to internal rotation moments from early to late stance (KRM PC1; P = 0.05) ( Table 2 , Fig. 1 (middle  row) ). There were no significant differences in the KFM between groups E.M. Davis et al. Clinical Biomechanics 61 (2019) [233] [234] [235] [236] [237] [238] [239] ( Fig. 1 (bottom row) . The lateral hamstring muscle activity magnitude was overall higher in the PG (PC1; P = 0.02), and there was less difference from early to mid-stance activity, interpreted as more prolonged activity through stance (PC2; P = 0.01) (Fig. 2) . Additionally, the PG had a higher earlyto mid-stance and very late stance activity (at approximately 20% and 60% of the gait cycle) of the lateral gastrocnemius muscle than the NPG (PC3; P = 0.05) (Fig. 2 ). There were no significant group differences in the activation of the medial gastrocnemius, medial hamstrings or any of the quadriceps muscles (Fig. 3) .
Results of the three-group analysis indicated that there were no significant differences in the gait biomechanics of the ASYM-NPG and OA-NPG, however there were also no significant differences between the PG and the OA-NPG. The PG had a significantly greater first peak of the KAM compared to the ASYM-NPG (P = 0.02), but no difference compared to the OA-NPG (P = 0.14). Similarly, the KRM PC1 difference and LG PC3 differences were significant between the PG and ASYM-NPG, but no significant differences were found between the OA-NPG and the other groups. The remaining significant differences found in the two-group analysis were not statistically significant when the groups were further subdivided (KAM PC2, LH PC1, LH PC2).
Discussion
This study captured a shorter term (three year) radiographic progression of medial tibiofemoral joint space narrowing in a combination of asymptomatic and clinically diagnosed medial compartment knee OA participants. In three years, there was a relatively low percentage of participants that progressed than what has been previously reported (Mikesky et al., 2006; Miyazaki et al., 2002) , however significant differences in key biomechanics and muscle activation waveforms were found for those who progressed radiographically compared to those who did not.
The PG in this study were on average seven years older than the NPG. Despite a large age difference, baseline gait speed, BMI, and lower extremity muscle strength -potential contributors to changes in gait biomechanics or muscle activation observed in this study -were not different between groups. The PG's WOMAC scores, although low, were almost double that of the NPG for each dimension, implying higher baseline levels for self-report pain, function, and stiffness. The baseline differences in age and symptoms of the PG weaken the interpretation of the biomechanical and neuromuscular results stemming from purely structural changes at the joint level. There were no statistically significant differences identified in the baseline KAM impulse or overall magnitude of KAM during stance (PC1) between the PG and NPG, but a significant difference in the first peak of KAM was observed. The higher peak moment supports the longer-term radiographic progression results of Miyazaki et al. (2006) and also reflects the differences found between people who progressed to TKA from those that did not (Hatfield et al., 2015b) . The PG had a significantly greater difference between the magnitude of first peak and midstance KAM magnitude, captured by the second principal component of the waveform (PC2). This differential feature was primarily a result of the greater first peak (Fig. 1) as there was no difference between the KAM midstance magnitude (Table 2 ). Lower KAM 'unloading' at mid-stance has been previously associated with longitudinal clinical progression to TKA (Hatfield et al., 2015b) and with cross-sectional clinical OA severity (Astephen et al., 2008; Rutherford et al., 2008) . In a recent study (Astephen Wilson et al., 2016) of symptomatic and asymptomatic groups of individuals with the same radiographic OA grade (Kellgren and Lawrence, 1957) , the symptomatic group walked with less mid-stance KAM unloading than the asymptomatic group, despite similar structural damage. These current results suggest that higher peak KAM, but not necessarily more constant or overall magnitude of KAM, is associated with structural OA progression at three years.
Interestingly, a significant difference in the pattern of the transverse plane moment of the knee during stance in those with 3-year structural progression was identified, with the PG having a significantly larger range of external to internal rotation moment throughout stance (KRM PC1). This pattern difference, qualitatively, was more evident in the ASYM-PG (Fig. 1) , and merits further research to understand if this gait feature is consistently present at early stages of knee articular cartilage structural degradation. Only a few studies to date have examined the potential contribution of the knee internal rotation moment with respect to OA and those that have done so present conflicting results. It has been previously reported that individuals with OA had a higher knee internal rotation moment magnitude during stance phase (Gok et al., 2002) , however the authors provided insufficient information to facilitate a discussion of this finding, particularly if the convention used was internal or external moments, or if the observed change was in early or late stance. Landry et al. (2007) used PCA to extract features and also found a significant group (OA versus Asymptomatic) effect for KRM PC1, however the effect was opposite: that OA participants had significantly lower (external) knee external rotation moment magnitudes during early stance. Although this moment is often left uninterpreted due to variability, the first principal component of the transverse plane moment at the knee joint, representing the range from external rotation moment to internal rotation moment, has been shown to have good test-re-test reliability (Robbins et al., 2013) . We chose to use the joint coordinate system (JCS) (Grood and Suntay, 1983) to model the loading of the knee joint, and therefore the transverse plane moment in this study is about an approximate long axis of the tibia. The sensitivity of this moment to common coordinate system definitions should be established to facilitate the use and discussion of this moment in future gait studies, similar to what has previously been done for the KAM (Brandon and Deluzio, 2011) . The interaction of this moment with other gait features should also be explored further. It also may not be the transverse loading alone that is of concern, but the coupling of the frontal and transverse moments that result in joint damage. The coupling of the KAM and KRM has been previously studied with respect to ACL strain whereby the combined knee valgus and internal rotation moments increased ACL strain more than either moment did alone (Shin et al., 2011) . The potential coupling of these two moments with respect to knee OA is novel and requires further research, specifically, as to whether the resultant knee rotation moment is associated with greater shear stress on the joint and articular cartilage within the joint. Statistically significant differences in the activation of the lateral hamstrings and lateral gastrocnemius during gait between the PG and NPG were found. Although the differences are small in magnitude, the PG displayed greater overall activation of the lateral hamstrings during gait (PC1), and less difference in activity from early to mid-stance (PC2), in addition to higher early-to mid-stance activity of the lateral gastrocnemius muscles. Higher and more prolonged stance phase activity of the lateral hamstrings has been previously associated with moderate knee OA (Benedetti et al., 2003; Hubley-Kozey et al., 2006) , and a higher Kellgren Lawrence structural severity grade (Rutherford et al., 2013) . Recently, higher lateral hamstring activity (PC1) with symptomatic OA compared to asymptomatic with the same structural grade was also found (Astephen Wilson et al., 2016) , consistent with the PG in this study having higher self-report WOMAC pain at baseline. There were no statistically significant group differences in lower extremity muscle strength measured during the MVICs, thus it is unlikely that the muscle activity differences found here are reflective of differences in muscle strength between the groups. The torque values (representing muscle strength) in the current study were slightly higher than those previously reported for similar groups of asymptomatic and participants with moderate OA (Hubley-Kozey et al., 2006) , but still within an expected, typical range.
The theories regarding the mechanical rationale for higher lateral site muscle activity include a neuromuscular strategy to unload the medial compartment of the knee in early stance, and a mechanism to increase knee joint stability throughout stance (Schipplein and Andriacchi, 1991) . Interestingly, Brandon et al. (2014) showed that prolonged lateral activation increases lateral tibiofemoral contact forces while preventing medial forces from increasing; however, total contact force is increased in the trade off to improve joint stability (Brandon et al., 2014) . Despite being a compensation to potentially unload the medial compartment, it is possible that the higher and more prolonged lateral muscle activity during stance contributes to higher overall joint loading, and therefore, contributes to accelerated structural degradation of the medial compartment. These results and interpretation are cautioned by the small sample size and lack of consistent substantiation in the current literature. The only other study that longitudinally examined the effect of muscle activity during gait on changes in the medial cartilage volume at 12 months (using MRI) found that longer duration of medial site muscles co-contraction (medial hamstrings, quadriceps) was associated with more cartilage loss (Hodges et al., 2016) . It is possible that both prolonged medial side or prolonged lateral side activity can have negative consequences on medial joint cartilage, but clearly more research is needed.
Although limited to qualitative comparisons, the three asymptomatic participants that had medial joint space narrowing had distinct knee moment waveforms from their OA-progression counterparts. The larger range of internal to external rotation moment and the larger peak-to-midstance differential of the KAM, patterns not typical of medial compartment OA gait, were more pronounced in this sub-set of the progression group, potentially driving the main group effect. These patterns are interesting but require further investigation in order to understand the implications on the loading of the knee joint.
The rationale for looking earlier in the disease process and even before a clinical diagnosis has been made was to reduce the potential for confounding factors of more severe stages of OA, thereby enabling a more focused study on the relationship between joint mechanics and structural changes. This methodological decision resulted in a low percentage of individuals who progressed, and an inability to statistically separate the asymptomatic participants from the OA participants in the progression group. It remains difficult to discern whether the significant age difference, and self-report of symptoms at baseline were the larger signal of future progression and how much information was gained by the differences in knee mechanics and muscle activation. There is a clear need to understand the indications of rapid future degeneration of the knee joint in order to intervene appropriately and in a timely manner. The definition of subgroups based on the rate in which the joint deteriorates may lead to improved and targeted interventions.
Conclusions
In general, the walking gait biomechanics of the progression group in this 3-year radiographic study aligned well with previously reported characteristics of diagnosed or symptomatic osteoarthritis, such as higher first peak adduction moment and higher and more prolonged lateral site muscle activity during gait. This indicates that these may be important features of OA structural progression regardless of the disease phase or follow-up time. The higher rotation moment range during stance found with the progression group is a novel finding that points to a need to better understand torsional joint loading and its implications for shear loading of the knee joint tissues. It should be noted that despite the statistically significant findings presented, the progression cohort represented a relatively small sample with variability in characteristics (gender, baseline disease state, age, etc.), and so the strength of the current results should be further validated with independent test sets. The sample size in the present study also prevented the exploration of meaningful multivariate relationships among the features identified, which could provide insight into how these features may interact in progressing joint structural damage.
